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We present a protocol for generating on-demand, indistinguisliable single photons on a silicon 
photonic integrated chip. The source is a time-multiplexed spontaneous parametric down conversion 
element which allows optimization of single photon versus multiphoton emission while realizing high 
output rate and indistinguishability. We minimize both the scaling of active elements and the scaling 
of active element loss with multiplexing. We then discuss detection strategies and data processing to 
further optimize the procedure. We simulate an improvement in single photon generation efficiency 
over previous time- multiplexing protocols, assuming existing fabrication capabilities. We then apply 
this system to generate heralded Bell states. The generation efficiency of both nonclassical states 
could be increased substantially with improved fabrication procedures. 



I. INTRODUCTION 

Single photon sources are central to a number of key 
experiments in quantum information science, including 
tests of quantum nonlocality [TJ [5] , quantum key distri- 
bution [2 m, and quantum teleportation [SHZ]- Com- 
plex non-classical optical states required for quantum 
metrology can be constructed from suitable single pho- 
ton sources [S], and recent theoretical proposals have 
shown that nondeterministic logic operations between 
multiple photonic qubits, combined with the ability to 
detect when gates have succeeded (feed-forwardability), 
allows for efficient quantum computation [SJ [TO] . To re- 
alize these and other quantum information technologies, 
a number of experimental efforts are underway to pro- 
duce efficient sources of indistinguishable single photons, 
including the application of quantum dots in micro- and 
nanocavities [TTlfTS] . isolated cold atoms [16], and iso- 
lated single molecules in solid state systems [T7]. How- 
ever these experiments have not realized photon indis- 
tinguishability as high as that from spontaneous para- 
metric down conversion |18j . and require complex setups 
including high vacuum and cryogenic temperatures not 
immediately suitable for scalability. 

In this work, we present a scheme to integrate a bright, 
efficient source of highly indistinguishable photons on 
a silicon-on-insulator (SOI) photonic integrated circuit 
(PIC). We call this scheme actively multiplexed para- 
metric photon (AMPP) generation. Compared to bulk 
optics, PICs offer the advantage of miniaturization, high 
field intensity, phase stability, high mode overlap in cou- 
pling regions [19 and the capacity to cheaply increase 
component number. It has recently been shown that PIC 
platforms are also capable of implementing high fidelity 
multiqubit operations IIHI HI] • 

While quantum optics experiments on PICs have been 
performed using low-index contrast oxide systems, en- 
tanglement experiments on the SOI platform have not to 
our knowledge been reported. SOI chips have a number 
of advantages, leveraging advanced fabrication for scala- 



bility, electro-optic switching and on-chip integration of 
state-of-the-art electronics. SOI chips for classical signal 
processing are also being advanced for applications such 
as optical interconnects for high-performance computing 
systems (cf. Ref. [22]). 

In Section II, we present our protocol for the efficient 
generation of single photons at 1560 nm using an optical 
circuit integrated on the SOI platform. In Section III we 
discuss the optimization of system parameters to maxi- 
mize efficiency given realistic operating conditions. We 
apply this optimized system in Section IV to generate 
heralded Bell states. We frame this paper in the context 
of SOI networks. The same design principles can be ap- 
plied to other integrated systems, as well as bulk optical 
systems. 

II. AMPP GENERATION PROTOCOL 

The AMPP source uses photon pairs generated by 
spontaneous parametric down conversion (SPDC) [23j . 
SPDC is a second-order nonlinear optical process char- 
acterized by the interaction Hamiltonian, Hint = 
ixfT'{a\a\ — asUi), where (a^) is the annihilation op- 
erator corresponding to the signal (idler) photon and 
X = Ex^'^\ where x*-^-* is the second order nonlinear sus- 
ceptibility tensor and _E is a classical pump field [24] . The 
time-evolved state of the signal and idler photons is given 
by 

\'il;{t)) =e-*-^*/^|0,0) = e-x*(''i''^-''="')|0,0) (1) 

This can be expanded in the Pock basis to calculate 
the probability of generating n pairs in some time i, 
P„ = |(n,n|V'(t))P w (n l)(A/2)"e-^, where |n,m) 
represents n (to) photons in the signal (idler) rail [53] 
and A = 2tanh^x*- Therefore as A ^ 0, \^{t)) -J> 
|0,0) + A|l,l), a single pair state. Detecting the idler 
photon of each pair indicates the existence of the sig- 
nal photon , which yields highly indistinguishable [TH] 



heralded single photons. In this paper, we will assume 
the use of periodically poled potassium tytanil phosphate 
(PPKTP) waveguide sources, which have been shown to 
produce highly indistinguishable photon pairs |27) , and to 
enable efficient heralded single photon emission [21] . Un- 
fortunately, due to the approximately Poissonian number 
state distribution, the source must be driven weakly so 
that Pi ^ 1. Such a source is not suitable for many scal- 
able quantum information technologies including linear 
optics quantum computation [9j. 

It is possible to improve this efficiency by actively 
switching multiple sources into a single output, contin- 
gent upon heralding Migdall and collaborators 
first considered this approach using a set of N distinct 
weakly-pumped SPDC crystals, switched into a single 
output by an A^-by-1 switch [53]. Later proposals us- 
ing strictly n x m switches for n,m < 2 require order 
of N switch scaling '30' to accomplish this spatial multi- 
plexing. 

We are able to reduce the switch number to order of 
log2 N by using the time-multiplexing scheme shown in 
Fig. [T] In this scheme a single SPDC element is pumped 
at some period T so that photon pairs are generated ac- 
cording to the Poisson statistics in each time bin. The 
idler photons are sent to a detector and the corresponding 
signal photons routed to a variable delay circuit. Based 
on the detection of the idler photons, one signal photon is 
routed to a single time bin, while any others are rejected. 
Thus, the scheme targets pulsed single photon emission 
with a period of A^T (5T]|?5]. 

We alter the variable delay circuit of previous schemes 
from a single delay line to one composed of separate de- 
lays j with time delay 2^T; any delay from to T{N — 1) 
can be constructed as Tj^flo'^ Cj2-', where Cj e {0, 1}. 
In this representation, if Cj — 1 (=0), then the pho- 
ton is (not) routed into delay j. All delays are therefore 
achieved with order of logg N switches. Switching loss 
scales exponentially with the number of switches a pho- 
ton passes through, so our switching loss scaling is of 
order N. Previous spatial multiplexing protocols had a 
switching loss that scaled as N, but required order of 
N switching elements [301 132] • The log2 N scaling of 
our protocol reduces energy consumption, increases re- 
silience to fabrication imperfections, and eases scalabil- 
ity but it requires optical delay lines. Previous time- 
multiplexing protocols, optimized for implementation in 
bulk optics, require only one switching element. How- 
ever for this design, we will show the signal photons pass 
this switch a greater number of times and therefore expe- 
rience greater attenuation. This is especially important 
because switches represent the main source of loss in the 
on-chip implementation. 

The setup is shown in Fig. [2| for the case of = 8 
time bins. The protocol begins with the 'pair generation 
block' in which a pulsed laser at 780 nm is split into a 
series of delays of lengths AT, 2T and T, where T corre- 
sponds to the desired pump period shown in Fig. [T] An 
eight-pulse train is generated that then pumps a non- 
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FIG. 1: A nonlinear crystal is pumped at period T, resulting 
in the generation of photon pairs at random intervals. The 
idler photon is split off and detected, heralding the existence 
of the signal photon. The appropriate signal photon is then 
sent into a delay circuit, where it is delayed to the next rail 
at period A^T. 



linear crystal cut for type-II SPDC, so that a polarizing 
beam splitter can separate the degenerate signal and idler 
photons generated at 1560 nm. The laser power is set 
such that there is a 5% chance of multiphoton emission 
(A « 0.1). The idler photons are sent to the 'heralding 
decision block,' which consists of a single photon detector 
(D), data processor (P), bit generator (BG), and decision 
switch on-chip. The detector, gated by the pump laser, 
sends time-tagged idler arrival events to the data pro- 
cessor. The processor outputs to a bit generator which 
modulates the decision switch on-chip, selecting which 
signal photon will enter the 'variable delay circuit' block. 
The variable delay contains static delays of lengths AT, 
2T and T, and 2x2 switches leading in and out of each. 
These switches allow selection of the coefficients Cj . 

The data processing unit required for this protocol will 
be discussed in detail in Section III and is only outlined 
here. The processor input is the serial A^-bit stream from 
the heralding detector: 1 (0) corresponds to a (no) detec- 
tion event. The processor writes to a fast bit generator, 
which modulates at a rate 1/T the switch into the vari- 
able delay region. The switch is a Mach-Zehnder inter- 
ferometer (MZI) which can be modulated, e.g., through 
charge injection [33]. This switch, labeled MZIl in Fig. [2] 
is biased so that if a (1) is received, an incident photon 
will be rejected from (transmitted to) the variable delay 
circuit. To drive the variable delay modulators (MZIs 2-5 
in Fig. [2]), no data processing is required; simple periodic 
clock cycles can accomplish this, as shown in Table |lj 

While the high-index contrast of SOI waveguides tra- 
ditionally results in large linear propagation losses on the 
order of multiple dB/cm, and switching losses and edge 
coupling losses on the order of multiple dB, recent ad- 
vances in fabrication procedures have reduced these fig- 
ures to allow for scalable AMPP generation at 1560 nm: 

Switching loss: The principal sources of loss in our 
switching elements are free carrier absorption [36] from 
two-photon absorption and mode conversion loss in the 
MZI directional couplers. By separating the waveguides 
in directional couplers by more than 150 nm, mode con- 
version loss well below 0.1 dB can be achieved at the 
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FIG. 2: AMPP generation for TV = 8. A laser enters a series of beam splitters and delay arms designed to generate eight 
pulses at period T. The laser then pumps a nonlinear crystal (NLC) and emits an electronic triggering signal, which gates the 
heralding detector (D) and synchronizes the decision electronics. The photon pairs generated are split at a polarizing beam 
splitter (PBS) , with the idler photon sent to the detector. The detector outputs a bit stream which is read by the data processor 
(P). The processor outputs a bit stream to an ultra-fast bit generator, which controls the switch, MZIl. The signal photon 
is sent to a delay line, and is either rejected by MZIl or transmitted to the active delay circuit. MZI2 - 5 are controlled by 
periodic clock cycles, /n denotes the clock rate division by a factor of n required to drive the modulators according to Table |l] 
Delays are denoted by nT for n = 1, 2, 4 and T the pump period. Light is coupled on-chip by a tapered fiber (TF). 
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TABLE I: The phases 02-5 in MZ21-5, respectively, required 
for achieving delays to IT. The values are simply periodic, 
which allows the modulators to be driven solely by clock sig- 
nals. 



Edge Coupling loss: SU-8 spot size converters |41j for 
coupling large-area fiber modes to SOI waveguides op- 
erate with loss of 2-3 dB/facet. Lower losses can be 
achieved by tapered-fiber coupling to the silicon waveg- 
uides, which has been demonstrated for silicon photonic 
crystal waveguides [42! with efficiencies of 94%. We can 
include in this loss term the coupling loss into the fiber 
delay line, and the propagation loss therein. Fiber cou- 
pling efficiencies over 90% have been demonstrated for 
PPKTP waveguides operating in the near IR [47, and 
should be applicable to the telecom range. 



expense of device footprint [371 . 

Reverse-biased p-i-n modulators can sweep out free 
carriers on picosecond time scales Assuming the 

nonlinear refractive index [39], n2 = 6 x 10~^^ cm^/W, 
and a reversed bias figure of merit [3S] of 0.2 cm^/^ps~^/^, 
a switching efficiency, rjsw = 0.87 can be achieved assum- 
ing 40 ps carrier lifetime. It is possible that nonlinear 
switch designs will achieve ultra-fast and low-loss switch- 
ing using the Kerr effect with a pump beam wavelength 
> 2 |j.m to reduce two photon absorption [40) . 



Intrinsic linear loss: Linear loss may be reduced to 
c^Hn = 0.1 dB/cm in low-confinement ridge structures 
[Sni mi ■ Near- unit efficiency coupling regions from these 
structures to standard channel waveguides can be fabri- 
cated using a standard two-step etch, allowing for low 
loss delays and high-confinement structures on a single 
chip |45j . To further reduce loss, we minimize T, which 
is limited ultimately by switching speed in the PIC. On- 
chip modulators have been demonstrated with switching 
times shorter than 25 ps |46j . but we assume time bins 
of 40 ps. 
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III. SYSTEM OPTIMIZATION 

We define the AMPP generation cfiiciency, 77, as the 
probabihty that a single photon is emitted at a time in- 
terval NT from the AMPP source, depends largely 
on the efficiency with which signal photons are trans- 
mitted through the waveguide switches and delay lines, 
and the 'heralding efficiency' with which the idler pho- 
ton is detected for heralding. It is useful to consider rj 
for the limiting cases of small and large N . For small 
N ^ on-chip loss of signal photons is low because the chip 
contains only short delays and few switches, r] is then 
limited by the heralding efficiency, which is low because 
of weak pumping and non-unit detection efficiency. As 
A'' increases, this heralding efficiency increases. However 
the number of switches and delay lines increases as well, 
which can reduce 77 by the loss mechanisms described in 
the previous section. To find the N that optimizes t], we 
now analyze the detection scheme and data processing, 
considering heralding with (i) a single detector, and (ii) 
a detector array [50] . 

(i) For the case of a single heralding detector, one 
records only the first heralding event, ignoring all consec- 
utive idler photons and dumping all corresponding signal 
photons. Only the first heralding event is recorded, so 
that success resulting from time bin r, with probability 
-B(r), requires a failure of heralding for all bins j < r. 

Therefore = J2r=i ^(^); where the probability of suc- 
cess for the r*'' bin, 



i?(r)-(I?or^^i/.-F(r,z). 



(2) 



i=l 



Dq denotes the probability that no idler photons are 
detected in a certain time bin, Hi denotes the proba- 
bility that i pairs are generated in the given time bin 
and are then detected, and F{r,i) denotes the probabil- 
ity that « — 1 of the photons generated in the r*'' bin are 
lost in the PIC. We assume Poissonian statistics for ease 
of calculation. The expressions for these terms are the 
following: 



F{r, i)=i(l- [PIC] 



[PIC] 



(r) 



(3) 



(4) 



(5) 



where 77/ is the filtering efficiency and [PIC]^"^^ is the 
transmission efficiency of the PIC circuit given a photon 
in bin r. Assuming an on-chip coupling efficiency, 77c, 



switching efficiency, 77^^, and waveguide transmission ef- 
ficiency for propagation time T, ainc, the transmission 
efficiency becomes 

[P/C]W = 77^7?c(r/.^)^'°^^'^J+HO-"--(^-'^). (6) 

For comparison, we also consider the efficiency of a 
protocol implemented on-chip using a single delay line 
for time multiplexing, as considered in previous analyses. 
The model for this system is the same as in Eqs. 3-5, but 
the on-chip loss becomes 
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(7) 



In Fig. 3(a 



and |3(b)[ we plot the efficiency rj for 
the single detector protocol as a function of N assum- 
ing parameters given in Table III. We assume switching 
efficiency of rj,^ = 0.87[0.98] for Fig. |3(a)] [3(b)] . The 
AMPP scheme presented in Section II is shown in red, 
while the previous time multiplexing scheme is shown in 
blue. 

(ii) Instead of using one detector, detector arrays [57] 
can be used to detect all idler photons by switching the 
heralding channel into multiple detection channels. As 
a result, one can transmit the signal photon that was 
heralded last and thereby reduce the average delay line 
loss [34], albeit at a loss of net detection efficiency. Fast 
routing to the individual detectors could be done on chip, 
so the total detection efficiency, 77^, includes on- and off- 
chip coupling and switching losses to 25 (detector dead 
time divided by T) detectors [6T| . 

77d = 0.85 -0.8 -(1/25) [7(77,^)4 + 18(7?,^)^] •(7,,)2. (24/25) 
= 24% (8) 

The probability of success for the r*'' bin in this scheme 

For this 'detector array' protocol, 77 is plotted in Fig. 
3(a) and 3(b)[ as a function of N assuming parameters 
given in Table III. The AMPP scheme presented in Sec- 
tion II is shown in green, while the previous time multi- 
plexing scheme is shown in black. 

Classical data processing can proceed at a rate < 1 /T. 
To account for processing time, the signal photons may 
be delayed in a low- loss fiber before entering the PIC. 
Fast field-programmable gate arrays (FPGA) with pro- 
cessing speeds over 1 GHz are available and suitable for 
this task; custom circuits could increase speed and de- 
crease optical delay line loss. The FPGA could use the 
lookup table shown in Table [lT| to realize last photon se- 
lection. We estimate that the processing time for N ^ 50 
should not exceed 1|j.s. The propagation loss in the fiber 
delay arm for this time, assuming 0.2 dB/km loss, is only 
1%, and could be lowered with specialized fibers. 

The advantage of last-photon selection can be exam- 
ined more closely. The average transmission efficiency 
through the PIC delay lines, {rjHn), can be expressed as 
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Input string 


Output string 


10000000 


10000000 


xlOOOOOO 


01000000 


xxlOOOOO 


00100000 


xxxlOOOO 


00010000 


xxxxlOOO 


00001000 


xxxxxlOO 


00000100 


xxxxxxlO 


00000010 


xxxxxxxl 


00000001 



TABLE II: Lookup table function for last-photon selection. 
A logical 1 on the output string sets MZIl in Fig. [2] to pass 
the corresponding signal photon to the variable delay circuit. 
X G {0,1}. 
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o(Af-»)/10 
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J) 



(9) 

where n = \XN~\ . {rjim) scales exponentially with the 
multiplexing parameter, iV, when n = 1 (black curve in 
3(c) I, however potentially much more slowly when 
red circles, green squares and blue diamonds in 
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Fig. 

n > 

Fig. 3(c) ) assuming last photon selection. Jumps in the 
curve are due to the rounding of n. Note that the first 
photon selection required in the single detector proto- 
col trades higher detection efficiency for lower average 
waveguide transmission, while the last photon selection 
in by the detector array protocol trades lower detection 
efficiency for higher average waveguide transmission. 

Fig. |3(a)| assumes rjsw = 0.87 and plots the single de- 
tector protocol (red circles) and detector array protocol 
(green squares) for our scheme, and those for previous 
time-multiplexing schemes (blue diamonds and black tri- 
angles, respectively). Even for this relatively high switch- 
ing efficiency, the single detector protocol outperforms 
the detector array protocol. This is reversed in Fig. 
|3(b)[ where we assume rjsw = 0.98. We believe such high 
switching efficiency could be realized using the nonlinear 
switches cited earlier [3D]. The crossing point at which 
the single detector and detector array protocols enable 
the same maximum occurs for rj^w ~ 0.95. 

Fig. 3 (a) I assumes realistic fabrication capabilities. A 
maximum efficiency of 27% is achieved for N = 31, or 
NT — 1.24 ns using the single detector scheme. The 
scheme therefore targets photon generation rates of 800 
MHz, achievable with a single heralding detector. The 
maximum delay length would be 16T, which corresponds 
to about 5 cm in Si. Significantly longer delays have 
been realized on-chip with low-loss Si waveguides using 
compact spiral geometries [3H]. Note that the scheme 
with higher switching efficiencies requires N — 63, or 
NT — 2.5 ns, limiting the generation to 400 MHz. 
Slightly higher generation efficiencies could be achieved 
with larger iV, however with a slower generation rate. An 
efficiency of 59% is achieved for N = 63. 
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FIG. 3: (a) The total efficiency of our single detector (red 
circles) and detector array (green squares) protocol, and pre- 
vious single-delay-arm time-multiplexing schemes assuming 
the same single detector (blue diamonds) and detector ar- 
ray (black triangles) protocol, ceteris paribus. This assumes 
current fabrication procedures, including ?7s„ = 0.87. (b) The 
same curves as in (a), however assuming risw = 0.98. (c) 
for different values of A. The red, green and blue curves 
assume last-photon selection, for A = 0.02, A = 0.06 and 
A = 0.1, respectively, while the black control curve does not. 
By last photon selection, the effect of linear loss can be re- 
duced for large N. 
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Parameter 


Value 


Ref. 


Vf 


0.99 






0.1 dB/cm 




Vc 


0.84 




f]sw 


0.87 


38, 39| 


Vdet 


0.7/0.8 


50 




0.85 


51 



AMPPl 



PR 



TABLE III: Parameters used in the calculation of the single 
photon generation efficiency plotted in Fig. 3(a) We distin- 
guish rjdst from rfd- The former is the single detector efficiency 
including up-conversion, whereas the latter is the efficiency of 
the detection unit for a given operation scheme. For the single 
detector protocol, rjdet ~ Tjd, whereas for the detector array 
protocol, rjdet > Vd- Vdet = 0.7 is used for the single detector 
scheme where after-pulsing would be a significant problem, 
and Vdet = 0.8 is used for the detector array scheme where 
it's effects can be reduced by blanking detectors after detec- 
tion. We additionally incorporate the fiber coupling loss and 
fiber propagation loss of the signal photon into the on chip 
coupling. We assume 90% coupling efficiency [H], and 99% 
transmission efficiency, as described in Section II and III. 



IV. HERALDED BELL STATE GENERATION 

The actively multiplexed single photon source can be 
used to improve the efficiency of heralded Bell state 
(HBS) generation. HBSs are required resources for many 
quantum information tasks including teleportation for 
quantum cryptography |3] and error correction in linear 
optics quantum computing [9]. Q. Zhang et al. showed 
that HBSs can be generated with maximum success prob- 
ability 3/16 using indistinguishable photons from four 
single photon sources, together with linear optics and 
single photon detectors [52] ■ This scheme can be im- 
plemented on an integrated platform, as shown in Fig. 



4(a) 



Four synchronized AMPP sources produce indistin- 
guishable photons with \H) polarization, which are sent 
through polarization rotators to produce four H-fV 
states. The upper and lower pairs are collided on po- 
larizing directional couplers (PDC), which transmit \H) 
and reflect \V). Ports 1 and 4 make up the output state, 
while ports 2 and 3 are sent to a third PDC. This coupler 
operates with a basis rotated by 7r/4 with respect to the 
other PDCs, which can be achieved by placing a 7r/4 po- 
larization rotator on each input and output port. A final 
level of PDCs split ports 5 and 6 into four detectors; clicks 
on detectors Dl-H and D2-H or Dl-V and D2-V (Dl-H 
and D2-V or Dl-V and D2-H) herald the production of 
the state \HH) + \VV) {\HV) + \VH)). This scheme can 
be compactly implemented on an SOI platform using al- 
ready demonstrated high efficiency polarization rotators 
[53j and polarizing directional couplers [54] . 

The success probability of this scheme is bounded by 
^77''', which is only about 4% considering the high ef- 
ficiency switch from Table |111[ However this source can 
serve as the building block for an active time-multiplexed 
HBS source. The resulting protocol would follow the 
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FIG. 4: (a) Heralded Bell state generation using four AMPP 
sources. Four photons are combined on two polarizing direc- 
tional couplers (PDC) after having passed through ir/A polar- 
ization rotators (PR). Ports 1 and 4 contain the output state, 
which is projected onto a Bell state by measurement at the 
four heralding detectors. These components are analogous to 
those in bulk optics, and have been realized experimentally on 
SOI platforms, (b) Entanglement generation from two AMPP 
sources. Two orthogonally polarized photons interfere on a 
nonpolarizing directional coupler. Coincidence counting on 
the two output ports post-selects the state \HV) — \ VH). 



same multiplexing principle described in Section HI for 
AMPP generation, however it would take as its input 
periodic single photons from AMPP sources to generate 
periodic Bell states. 

Alternatively, entangled photons suitable for certain 
quantum key distribution schemes [H [55] can be gener- 
ated in a simpler way [56| using only two AMPP sources, 
as shown in Fig. |4(b)[ Two synchronized AMPP sources 
first generate photons with \H) polarization. A 7r/2 po- 
larization rotation is applied to one photon, and the pho- 
tons are combined on a nonpolarizing directional cou- 
pler. Coincidence detection on the two output ports 
post-selects the state \HV) — \ VH). In this scheme, the 
success probability can be as high as ^77^. As with pre- 
vious demonstrations of these proposals (e.g., [52'), our 
system is limited by multiphoton emission, which can be 
suppressed by reducing the SPDC pump power at the 
expense of device efficiency. 



V. CONCLUSION 

We have described a scheme for generating single pho- 
ton states and Bell states on a PIC. By adopting an ac- 
tive time-multiplexing scheme, it is possible to use only 
order of log2 N switching elements for N single photon 
generation attempts while maintaining loss scaling with 
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N. The loss due to switching is therefore reduced over 
previous time-multiplexing protocols. A maximum sin- 
gle photon generation efRciency of 27% can be obtained 
with a <5% bound on the conditional multiphoton emis- 
sion probability, assuming realistic fabrication capabili- 
ties. Our scheme is primarily limited by the efficiency of 
the on-chip switches, which can be assumed to continue 
to improve rapidly over the next years. If the switch- 
ing efficiency increases from 87% to 98% then the max- 
imum system efficiency will increase from 27% to 59%. 
These sources can additionally form building blocks on- 
chip that can be combined to generate non-classical quan- 
tum optical states, such as Bell states. 



An efficient nonclassical light source on an SOI plat- 
form could enable further on-chip integration. Multi- 
ple single-photon detectors can already be integrated on- 
chip [57; , and several efforts are now investigating photon 
pair sources via spontaneous four wave mixing in silicon 
straight waveguides and resonators [59]. With con- 
tinued development of low-loss structures, self-contained, 
scalable and reconfigurable photonic quantum informa- 
tion systems could be integrated on a fully CMOS com- 
patible chip. 

This work was supported by the DARPA Information 
in a Photon program, through grant W911NF-10- 1-0416 
from the Army Research Office. 
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